We have isolated a cDNA clone that encodes the Drvsophila melanogaster elongation factor 2 (EF2), a protein involved in the elongation step of protein synthesis. This identification was based on the high degree of its amino acid sequence identity (greater than 80%) to that of hamster EF2. The gene encoding Drosophila EF2 is found at position 39E-F of the 2L chromosomal arm and may be identical to the M(2)H locus, which produces a Minute phenotype when mutated. The genomic organization of the locus includes four exons. Conserved sequence segements shared with a variety of GTP binding proteins are found in the amino terminal third of the protein, and segments unique to EF2 and its prokaryotic functional homolog, EF-G, are in the carboxy terminal half; these two regions are segregated in two respective exons.
INTRODUCTION
Protein biosynthesis proceeds in three phases: initiation, elongation and termination, each of which involves a distinct set of protein factors. Elongation factor 2 (EF2) is involved in the process of polypeptide chain elongation, catalyzing the translocation of tRNA from the amino acyl to the peptidyl site of the ribosome. This translocation is GTP-dependant, and is accompanied by GTP hydrolysis which appears to be catalyzed by EF2, possibly with some contribution by the ribosome [1,2, and references therein]. Thus, EF2 is capable of performing at least two distinct functions: ribosome binding as well as GTP binding and hydrolysis. This report describes the isolation and identification of a Drosophila EF2 cDNA clone. The encoded protein fortuitously shares an epitope with the Drosophila beta integrin chain (a property which led to the initial isolation of the clone), and was identified as EF2 on the basis of its exceptionally strong similarity to the amino acid sequence of hamster EF2.
MATERIALS AND METHODS

Clone Isolation and Analysis.
A cDNA library prepared from 4-8 hour embryos [3] was screened with a 32 P-labeled 3.8 kb Eco RI fragment of the genomic clone Bl containing part of the l(l)mys locus [4] , using standard Church conditions [5] . One clone (clDmEF2) was obtained and used as a probe to screen a 12-24 hour library yielding two isolates, c2DmEF2 and c3DmEF2. Preparation of DNA from colony-purified hybridization-positive clones, in vitro transcription, in vitro translation and immunoprecipitations were performed according to published methods [3, 6] . The clDmEF2 cDNA insert was subcloned into M13mpl8 and M13mpl9 vectors and a series of nested deletions was generated using the International Biotechnologies Cyclone kit. These templates were sequenced by the dideoxy chain 650  660  670  680  690  700  710  720  730  CTT ATC ATT GCC ACC TAT AAC GAT GAC GGA GGA CCG ATG GGT GAG CTT CGC GTG GAT CCC TCT AAG GGA TCA GTG GGC TTC GGT TCT 
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Figure 2. Matrix comparison of the deduced amino acid sequence ofDMEF2 with that of hamster EF2 (HamEF2: A) and Drosophila position specific antigen 3 (PS3: B).
Matrices were generated using the IBI-Pustell DNA programs with the following parameters: (A) window size = 8, hash level=2, minimum match plotted=60%, (B) window size=6, hash lcvel=2, minimum match=-60% The degree of sequence similarity is indicated by character @, representing the maximal possible score, and letters A through V which correspond to successively lower matches with V being the minimum match plotted. The diagram in the ordinate represents the DmEF2 protein, with filled boxes indicating similarities between EF2 and GTP-birtding proteins, including elongation factors (for details see Figure 3 ).
termination method [7] using the US Biochemicals Sequenase [8] , and the resulting sequences were compiled and analyzed with the help of computer programs of Staden [9] and PusteU [10] . The data have been submitted to the EMBL DNA Data Library (accession number XI5805, DMEF2).
Genomic library, a gift of Ron Blackman, was constructed in EMBL3 lambda phage vector from DNA of the same Drosophila strain that was used to prepare cDNA libraries. Five overlapping genomic clones, glDmEF2-g5DmEf2, were isolated by hybridization to the clDmEF2 cDNA insert; restriction mapping was done using standard procedures [13] . Transcribed regions within these clones were identified by Southern hybridization to radiolabelled clDmEF2 using standard Church conditions [5] . Precise placement of introns was accomplished by detailed restriction analysis and partial sequencing of glDmEF2 (data not shown, see Fig. 5 for details) . In Situ Hybridization to Polytene Chromosomes. Polytene chromosomes from larvae of the Oregon R strain of Drosophila melanogaster were prepared and processed as described [11] . The hybridization probe was the cDNA insert of clDmEF2, biotinylated using biotin-UTP from Bethesda Research Laboratories in a random primer extension labeling reaction [12] . Northern Blot Analysis. The Northern blot containing poly(A) + RNA, a gift of Daniel St. Johnston, was prepared by transferring a formaldehyde gel [13] to a Biodyne filter. It was probed with radiolabeled T7 transcript of the clDmEF2 cDNA insert using standard Church conditions except that hybridization and washes were done at 70°C.
Western Blot Analysis
Electrophoresis and electroblotting were performed according to described procedures [3] .
RESULTS AND DISCUSSION.
Isolation of a Drosophila melanogaster EF2 (DmEF2) cDNA clone.
A Drosophila embryonic cDNA library, constructed as described by Brown and Kafatos [3] , was screened for homologs of the embryonally expressed lethal (I) myospheroid gene which encodes a beta integrin, or position-specific antigen 3 (PS3) [14, 15] . This screen yielded a weakly hybridizing isolate, clDmEF2, whose in vitro transcription/translation product, a polypeptide of about 95 kD, was recognized by anti-PS3 antibodies. The nucleotide sequence of the 2833 bp insert was determined. The largest open reading frame found in the nucleic acid sequence predicts a 844 amino acid sequence (Figure 1 ) that, surprisingly, bears a striking resemblance to that of hamster elongation factor 2 (HamEF2) [16] protein. Accordingly, the encoded 94.5 kD protein is identified as the D. melanogaster elongation factor 2, DmEF2. Its homology to HamEF2 is documented in the form of a matrix comparison in Figure 2a ; no substantial similarity is evident with the predicted amino acid sequence of PS3 (Figure 2b) , even under less stringent comparison conditions. An alignment of amino acid sequences of DmEF2 and HamEF ( Figure 3 ) confirms their high degree of sequence conservation. The two proteins are completely colinear, with the exception of two short segments that bear insertions or deletions. One of these segments lies between amino acid positions 240 and 274 of the Drosophila sequence, and has diverged considerably both in sequence and in size: the hamster EF2 protein has 17 additional amino acids in this region. The other divergent segment is found between amino acids 90 and 100 of the Drosophila sequence, where the hamster protein is 4 amino acids shorter. Elsewhere, the EF2 proteins of Drosophila and hamster are 85% identical.
Sequence comparison of DmEF2 with other GTP-binding proteins, including Drosophila elongation factor 1 alpha-1 [17] , E. coli elongation factors G [18] and Tu [19] , and the human c-rasl protein [20] to domains Gl through G5 described by Kohno et. al. [16] . These segments are likely to be involved in GTP binding and GTPase activity, since the corresponding regions in bacterial proteins and the c-rasl protein have been shown to have GTP binding as well as GTPase activities in vitro and in vivo [16, and references therein] . Segment El, near the amino terminus, and segments E2 to E4, contained within the carboxy terminal half, are shared only among elongation factors. Segment El is common to several of these factors, whereas segments E2 to E4 are shared only between DmEF2, HamEF2, and the E.coli functional analog of EF2, EF-G. This observation suggests a general role for the region that includes segment El and a more specific one for the region containing E2 to E4. Segments El through E4 may be involved in direct ribosome binding as well as modulation of affinity of EF2 for the ribosome [see 16 for detailed discussion].
Mammalian EF2 is known to undergo two types of post-translational modification, both of which result in inhibition of translational elongation: ADP-ribosylation on histidine-715 by diphtheria toxin [21] and phosphorylation by calcium 2+ /calmodulin dependant protein kinase HI [22, references therein]. ADP-ribosylation has been shown to decrease the affinity of EF2 for ribosomes in vitro [21] , thus implicating the carboxy terminal portion of the protein in direct interaction with the ribosome. The histidine residue modified by ADPribosylation is conserved in the Drosophila homolog ( Figure 3) .
Characterization of the DmEF2 locus.
In situ hybridization to polytene chromosomes and analysis of multiple genomic clones indicate that DmEF2 is a single copy gene residing at position 39E-F at the base of the 2L chromosomal arm (Figure 4) . The only reported mutant phenotype associated with deletion of material at that location is Minute, caused by the M(2)H mutation [23] , the stock of which has been lost. The Minute phenotype, which is characterized by a slower growth rate and a smaller adult body size, is produced by a dominant action of many recessive lethal mutations at ca. 50 loci throughout the fly genome. This phenotype is consistent with the predicted consequences of loss of an essential component of translational machinery; moreover, one Minute locus has been identified as a gene encoding a ribosomal protein [24] , and a number of others are believed to encode ribosomal components [reviewed in 25] .
The insert of clDmEF2 most likely corresponds to a full-length transcript. Upstream of the putative initiation codon (identified by comparison with HamEF2) is a 72 nt 5' untranslated sequence whose length is comparable to that of many Drosophila transcripts. Two other cDNA isolates, from independently constructed libraries, extended to the same 5' residue. Genomic clones were isolated by hybridization with the clDmEF2 insert, and the structure of the locus was determined by a combination of detailed restriction mapping, Southern blot analysis, and sequence analysis (Figures 1 and 5) . The compact transcription unit is interrupted by three relatively small introns. The first exon is short (75 bp) and largely non-coding. The second exon encodes all the GTP-binding homologies as well as the conserved region El, while exon 4 encodes the EF2/EFG-specific homologies E3 to E4. The second intron is located within the poorly conserved segment located between amino acids 240 and 274.
Northern blot analysis ( Figure 6 ) reveals that the locus produces a single 3.1 kb mRNA, of a size consistent with the length of the cDNA insert with due allowance for a poly(A) tail. The mRNA first becomes detectable by 4 hours of embryogenesis and persists throughout development and into adulthood; it increases somewhat in abundance during the late embryonic, late larval, and early pupal stages of active organogenesis. Demonstration of the existence of an epitope snared between DmEF2 and Drosophila PS3. The DmEF2 clone was initially isolated because of weak cross-hybridization with a PS3 genomic probe, of the type that frequently proves illusory. Ultimately, three DNA segments of reasonable length (ca. 100 nt) were detected that show some similarity between DmEF2 and PS3 coding DNAs. That similarity is limited to ca. 40% and is found on opposite strands; thus it is not considered significant. A more intriguing feature of the clDmEF2 clone, which resulted in its complete characterization, is that its encoded protein is recognized by a mixture of two monoclonal antibodies (mAbs) directed against PS3 [26] ( Figure 7A ). This recognition appears to be at least somewhat specific, since in vitro translated DmEF2 is not detectably precipitated in control experiments using either the support matrix alone, or a mAb directed against the alpha integrin, PS2. Two other anti-PS3 mAbs tested did not react appreciably with the DmEF2 protein. Even in the absence of PS3, the reactive anti-PS3 antibody mixture also precipitates an approximately 95 kD protein from the rabbit reticulocyte lysate used for in vitro translations, as shown in Figures  7B and 7C . The electrophoretic mobility of this species is indistinguishable from that of the 35 S-labeled product of the DmEF2 cDNA; we presume that it is rabbit reticulocyte EF2.
Together, these results strongly suggest the existence of a shared epitope between proteins that seem to be evolutionarily and functionally unrelated: Drosophila integrin, a cell surface protein implicated in cell-extracellular matrix interactions, and a translational elongation factor from Drosophila and rabbit. The identity of the shared epitope is not obvious from sequence comparisons ( Figure 2B ). The longest contiguous match between DmEF2 and PS3, which is also conserved in HamEF2, is a pentapeptide, FDAIM, located at position
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(A) Autoradiograph of a Western Wot prepared in the following manner: DmEF2 (E) and PS2 (P), used as control, cDNAs were transcribed and translated in vitro in the presence of M S-labeled methionine using rabbit reticulocyte lysate. Translation products were tested for precipitability with several monoclonal antibodies (mAbs). 7A10: a control anti-PS2 mAb; IC2 and 2D3: anti-PS3 mAbs; and ps3: a mixture of two anti-PS3 mAbs, CS6G11 and DT2H10, conjugated to Affigel beads. Note that only the CS6G111 and DT2H10 mixture (ps3) precipitates the DmEF2 product (asterisk). Glycine conjugated to Affigel beads (gly) was used as a control for non-specific binding. Samples were electrophoresed through an 8% SDS PAG and electroblotted onto nitrocellulose. Molecular weight markers (M and arrows) are 116, 77.5, 66, and 53 kD. (B). Autoradiograph of a Western blot, prepared as above, containing immunoprecipitated products of in vitro translations of DmEF2 (E; asterisk) and no RNA control (C) reactions. (C). India ink total protein stain of the blot shown in B. Note that a 95 kD protein (asterisk) is precipitated by the ps3 mAb mixture from both the RNA and no RNA control reactions; it presumably is the rabbit reticulocyte EF2 protein.
287 in the Drosophila sequence. It is a reasonable candidate for the shared epitope since oligopeptides of comparable sizes have been shown to confer antigenic specificity [27] . Alternatively, the shared epitope may be assembled from non-contiguous sequences upon protein folding. In either case, the availability of an antibody able to recognize EF2 may be of value to research on this important translation factor.
CONCLUSIONS
We have isolated and characterized a gene that encodes the Drosophila melanogaster homolog of the mammalian elongation factor 2. The striking degree of primary sequence conservation of EF2 in organisms which have been evolving independently for approximately 1 billion years [28] suggests an ancient origin and a vital function for the protein, consistent with its role in the translational apparatus.
The translational machinery is a complex, multicomponent system that has thus far been studied primarily biochemically. That EF2 may be a control point for translational regulation is suggested by the discovery of a mammalian EF2-specific protein kinase, the action of which appears to inhibit translational elongation very effectively in vitro [22] . Recently, several of the components of the translational machinery have been described in Drosophila. The two genes encoding the Drosophila homologs of elongation factor 1 alpha are regulated, at least at the level of transcription, in a sex-specific and developmental stage-specific manner [17, 29] . The Drosophila gene vasa, the product of which is a key component in the early events of pattern formation during embryogenesis, was recently shown to share homology with the eukaryotic translation initiation factor 4A [30] . The key questions concerning the regulatory roles of factors involved in protein biosynthesis, as well as related sequences, can now be addressed using the powerful combination of classical and molecular genetics that the Drosophila experimental system affords.
